This work characterizes the non-ideal behavior of the solvent extraction agent di-(2-ethylhexyl) phosphoric acid (HDEHP), constituting one piece of an effort to develop increasingly accurate models of advanced fuel separation processes such as TALSPEAK. Robust models are particularly important for processing high-level radioactive material in order to minimize the generation of secondary waste and to ensure reliable process control. Here, vapor pressure osmometry (VPO) data on binary solutions of HDEHP in toluene, dodecane, or cyclooctane yields the activity coefficients for each component after analysis. Initially, diluent activity data is obtained using the VPO results and then modeled using Scatchard-Hildebrand theory to provide the activity coefficients for HDEHP.
Introduction
This article presents the experimental work and analysis performed to obtain the activity coefficients for the metal extractant, di-(2-ethylhexyl) phosphoric acid (HDEHP) using the technique of vapor pressure osmometry (VPO). Currently, improved characterization of HDEHP is warranted not just for its relevance toward extraction of rare earths and metals [1, 2] but likewise for its use in the separation of lanthanides from the minor actinides, [2] one of the challenging partitions desired in proposed spent nuclear fuel remediation. The need for further quality thermodynamic data on systems of HDEHP and other organophosphorous acid extractants is captured in the recent (2010) review by Kolarik [3] presenting dimerization constants, acid dissociation constants, and distribution constants of these compounds. In his conclusion, he states, referring to the parameters presented in literature, "Few values can be designated as recommended, more numerous values are unacceptable, and the quality of most values remains unspecified." [3] In order to account for non-ideality in the organic phase for applications such as SX, various correlations and models have been developed to express the activity coefficients as functions of concentration. Among them is the theory of Scatchard-Hildebrand and Scott (SH) that has been applied to modeling solvent extraction. [4] An attractive feature of this treatment is the versatility of the solubility parameters assigned to each chemical component. These solubility parameters in theory are independent of the other constituents in the system, allowing calculation of activity coefficients in a variety of diluents without resorting to experiments if the solubility parameter of each component is known. [5] Due to that versatility of the solubility parameter and relevance toward extraction models, [4] this work calculates and comments on the solubility parameter for HDEHP from data on the three diluents: dodecane, toluene and cyclooctane.
Although VPO has been used in the past to investigate non-ideal effects, solution behavior was typically accounted for through association rather than non-specific forces using analysis following the process of Rossotti & Rossotti. [6, 7, 8] Furthermore, those groups did not analyze HDEHP in n-dodecane, a representative of the common process diluent kerosene, and they neglected the non-ideality of the standards. [9, 10] 
Theory
The basic principle for VPO is to measure the temperature difference between two solution drops held on thermistors in a vapor saturated chamber, and then relate this information to the diluent activity. One drop is pure diluent and the other drop is diluent + solute. The temperature difference is measured as voltage change required to maintain a constant current in the circuit consisting of two thermistors that are connected in a Wheatstone bridge circuit.
It can be shown that equation 1 accurately relates the VPO voltage change to the diluent activity through a simplification of the equations developed by Kamide et al., [11] and it has been used successfully for VPO analysis in the past. [12] (1)
To determine the activity coefficients, first, the proportional constant (VPO machine constant), k, is determined by fitting equation 1 to VPO data for a standard with well described solution behavior, i.e. the data for 1 and x 1 is known. Once the machine constant, k, is obtained, equation 1 is applied to the osmometer readout, V data, for HDEHP to yield the activity coefficient of the diluent in that system. This activity coefficient data can then be modeled using SH theory, equation 2, to obtain the solubility parameter for the HDEHP dimer.
Equation 2 is the multicomponent expression of the SH including the Flory-Huggins volume corrections. [4, 13] Once the HDEHP dimer solubility parameter is calculated from the data on activity coefficients of the diluent, the activity coefficient of HDEHP dimer itself can be determined by applying equation 2 once more but now with respect to the activity coefficient of HDEHP dimer rather than the activity coefficient of the diluent. This treatment yields the symmetric activity coefficient of HDEHP dimer, and it is converted to the mole fraction unsymmetric activity coefficient according to convention; [5] a similar transformation is done in the SXFIT code. [4] 3. Methods HDEHP with 95% purity from Acros Organics was purified using the common copper precipitation method [14] . The purity was checked by titration yielding 99.9%±0.2% by mass. Tetracosane was selected as the standard in order to calculate the machine constant for each data run. N-tetracosane was obtained at 99.35% purity from TCI America, N-dodecane at 99+% from Alfa Aesar, Toluene as >99.99 Omnisolv high purity solvent, and cyclooctane from Sigma Aldrich at a purity of 99.5% . These four were used as received. Each series of solutions was prepared by weight using an analytical balance, with concentrations accurate to at least three significant figures and propagated errors of less than 0.2%. Fresh solutions were prepared immediately prior each of the runs. The measurements were taken on a UIC model 833 vapor pressure osmometer using the solutions and cell temperatures according to table 1. Before each run, the osmometer chamber was cleaned and prepared following the procedure outlined in the manual. The temperature of the apparatus was allowed to equilibrate overnight prior to measurements, and the cell temperatures were selected to give appropriate diluent vapor pressures for VPO. Syringes of dodecane were loaded into both sample ports and injected onto each thermistor to determine the baseline voltage change; this baseline was rechecked after each triplicate solution measurements. The baseline value is subtracted from the subsequent solution data. The osmometer's syringe heater was set to the same temperature as the chamber for the dodecane runs due to the higher temperature difference between the surrounding and chamber, but was not used for toluene or cyclooctane as the cell temperatures were lower. In order to carry out the analysis, solubility parameters for the diluents and standard were taken from literature. The solubility parameter used for n-dodecane is 15.91; the solubility parameter for tetracosane was 14.51; the solubility parameter for toluene was 18.35 and the solubility parameter for cyclooctane was 17.22 [15] . All solubility parameter values were taken from the same source for consistency.
Results
The diluent activities calculated from the osmometry measurements are presented in Figure 1(a) . The error bars are calculated from two standards of deviations of the triplicate measurements. Figure 1(b) gives the calculated HDEHP dimer activity coefficient as a function of dimer concentration at 25°C, in n-dodecane, along with the metal extraction slope analysis based correlation presented in reference 16 .
The calculated machine constants are presented in table 2, along with the calculated solubility parameters obtained through model fitting. The quality of these fits is indicated based on the 95% confidence intervals (C.I.) likewise presented in table 2. The values for the solubility parameter, table 2, matched for the two calculations based on dodecane, but vary when comparing different diluents.
Discussion
The diluent activity trends matched for HDEHP in each of the alkanes, with increasing non-ideality at high concentrations. In contrast, the diluent showed ideal behavior for HDEHP in toluene, which can be seen since the diluent activity coefficient is approximately one, figure 1(a) , within experimental error, and independent of concentration over the range tested (up to 0.57 mol/kg). Although the solubility parameter for HDEHP dimer in theory should be independent of the diluent, two reasons may contribute to the variation seen in table 2. First, HDEHP has a polar head group and undergoes hydrogen bonding, which may cause the SH theory to break down. Alternatively, insufficient correction for the non-ideality of the standard may lead to some error. However, the corrections made on the standard were likewise based on the SH theory, but this system constitutes a case closer to the model solution SH theory is intended for, so the former source of error is believed more significant.
The HDEHP dimer activity coefficients calculated from solubility parameter are presented in figure 1 (b) along with the activity coefficient from an empirical relation based on slope analysis presented in the paper of Danesi et al. [16] Although both treatments yield the same general trend of decreasing activity coefficients with increasing HDEHP concentration over this range, the initial rate of decrease of the slope analysis based coefficients is greater, leading to a discrepancy. Although at present the cause is undetermined, there are many differences between these two treatments that may contribute. For example, the organic phase is contacted with an aqueous phase in the slope analysis, but not the current VPO study. On contact, there is a minor extraction of water [17] that may impact the solution behavior. Thus, further VPO experiments on systems contacted with appropriate aqueous phases will help elucidate this interplay, and help evaluate the different assumption in the two methods. For example, the slope analysis method assumes all other activity coefficients in reaction model are constant. [16] However, considering the Gibbs-Duhem equation, if the activity coefficient of HDEHP is changing, then the activity coefficient of at least one other component in the overall system must change, which could alter the results. 
Conclusion
Vapor pressure osmometry provides an effective method to analyze the non-ideality of extractants. At this time, the solubility parameter and activity coefficients were calculated for HDEHP based on treating it as a dimer. More extensive data and additional diluents will help verify if the polar and hydrogen bonding effects justify using the SH model in addition to resolving the offset from slope analysis results. Additionally, comparison of different osmometry standards may increase the accuracy of obtained machine constants. 
